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Abstract
While integration of higher shares of renewable energy sources in the power industry
portfolio improves sustainability, it introduces more uncertainty to the electricity mar-
kets. The uncertainty and variability of renewables escalates the need for cost-effective
ways to balance supply and demand in real-time. Energy storage systems are consid-
ered a viable solution to hedge against the intermittency of supply. However, most prior
studies suggest marginal or even negative profitability of batteries when participating in
one stage of the electricity market. Given the physical characteristics of batteries which
make it suitable for in multiple market stages, we investigate the profitability of batter-
ies when simultaneously participating in the spot (day-ahead) and real-time (balancing)
markets. We formulate a stochastic programming framework to choose optimal market
position, optimal bidding strategy, and optimal capacity split between the two markets.
Our results show that participation of batteries in multiple stages of the electricity mar-
kets generates additional profit for the battery. The optimal strategy is to participate in
the spotmarket with full capacity as a seller andwith full capacity in the real-timemarket
(for down-regulation) as a buyer.
Keywords: Energy storage, Green IS, Stochastic optimization, Energy and regulationmar-
kets
Introduction
Due to sustainability concerns, many countries plan to increase penetration of renewable technologies in fu-
ture power systems. The replacement of reliable fossil fuel power plants with less predictable yet sustainable
renewables brings several challenges to the energy system; some of the important ones relate to the relia-
bility of the power grid (Cramton 2017). The power grid is expected to provide customers with electricity as
economically as possible with high reliability (Biggar and Hesamzadeh 2014). Replacing reliable fossil fuels
with variable and uncertain renewable energy might lead to a higher possibility of outages and subsequently
significant economic impacts on power suppliers and consumers.
To hedge against outages in the presence of variable sources, extensive energy flexibility is needed in dif-
ferent time scales to match power demand with supply (Kondziella and Bruckner 2016). Supply-demand
matching is essential in power systems as this must be met at every point in time. In the traditional power
system with low share of renewable energy, energy flexibility is mainly provided through a portfolio of het-
erogeneous power plants with different reaction times and costs, which together are able to provide the
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necessary flexibility in an aggregated way (Hu et al. 2018). With the advent of variable and uncertain re-
newable electricity, current flexibility options are not sufficient and more sources of flexibility are required
at all time scales, including seasonal, weekly, daily, intra-day, and even sub-minutes. Therefore, the future
power systemneeds cost efficient flexibility options tomaintain reliable and efficient operation of the system
(Günter and Marinopoulos 2016). This has incentivized researchers and industry to investigate flexibility
options in different time scales, including demand response (Cappers et al. 2010), transmission network in-
vestment/switching (Gissey et al. 2018) and a large range of energy storage systems (ESS) (Contreras-Ocana
et al. 2017; Denholm et al. 2010).
Among all energy flexibility options, and disregarding financial considerations, ESS are theoretically the
best option as they can reshape demand or supply in any way to match them with each other. ESS refers to
a large set of storage devices one of the most important one being battery storage. Basically, any device that
can store energy at a given time and can return it at a later time is regarded as ESS. Examples are Flywheels,
pumped hydro, compressed air energy storage systems, and batteries (Brandon et al. 2016). ESS are indeed
considered a viable solution that can offer services such as reliability, regulation, and transmission conges-
tionmanagement (Castillo andGayme 2014). There are at least two stakeholders when considering batteries
as price arbitrageur in the market: market operator and battery agent. The benefits of having memory (bat-
tery) is clear from the perspective of the market operator (e.g. increasing market efficiency and/or price
stability). Unfortunately though, the pessimistic view on the profitability of batteries has hindered serious
consideration of batteries as one of the main sources of flexibility. However, recent dramatic price drops
for batteries have put them back in the competition of flexibility options (Dunn et al. 2011). Consequently,
several studies considered the profitability of battery agents in energy systems.
Batteries can be used in several energy applications including, incentivizing demand response for cost re-
duction and reliability, together with renewable energy generation to reduce power curtailment and pay
back periods of solar PV-panels/wind-turbines, and in electricity markets to make profit. Electricity mar-
kets are evolved mostly since the beginning of this century, to provide a competitive environment (moving
away from traditional monopolies) for electricity trading at national level (Koolen et al. 2017). The applica-
tion of batteries in electricity markets can be vital for balancing out electricity and guaranteeing reliability
and avoiding congestion and outages. Electricity markets are structured in multiple time stages and a bat-
tery agent can independently participate in one or multiple of such markets. While most prior studies focus
on participation in one market (typically spot market), simultaneous participation in multiple stages might
make batteries more financially attractive.
Inspired to improve the financial viability of batteries in electricity markets, in this paper we investigate the
optimal market position, bidding strategies, and capacity split of the battery capacity between two markets
(spot and real-time). The battery characterization in this study (Li-ion) is one of the most promising and
widely-used batteries for this application (Brandon et al. 2016). Our contributions in this paper can be
summarized as follows:
• Wemodel power/energy bidding strategies and cleared power/energy in the real-time (aka secondary
balancing) market and find model parameters for the case of Germany’s electricity market.
• We develop a stochastic optimization program for the profitability of batteries participating in both
spot and real-time (aka day-ahead and balancing) markets. The problem formulation includes the
optimal market positions, optimal split of the total battery capacity between the two markets, as well
as the optimal bidding strategy in the spot and the power/energy bids in the real-time markets.
• Our results shed new light on the profitability of batteries in the electricity markets. For example, we
show that with current market prices, the optimal market strategy is to participate in the spot (day-
ahead) market with full capacity as a seller and with full capacity in the real-time (balancing) market
as a buyer.
Background and related literature
This research draws upon interdisciplinary research in energy economics and Green or sustainable Infor-
mation System (IS). Here we summarize the literature with focus on the role of ESS in electricity systems
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and how IS research can help to solve the problem of optimal market behavior of battery unit participating
in electricity markets.
Energy Storage in Electricity Markets
The challenges of increasing the share of renewables in the energy mix in the absence of ESS have been
studied in several recent studies (Zhang et al. 2012). Including ESS in the setting makes the problem more
complicated due to the operation schedule of the ESS and the resulting time correlation (Ghiassi et al. 2017).
Energy storage technologies can be used in multiple applications in the power system. As a result, there has
recently been several studies to economically evaluate the profitability of ESS operation in energy systems
(Bradbury et al. 2014). With the emergence of competitive electricity markets, ESS profitability studies have
been also extended to such application (Berrada et al. 2016).
Some studies investigate the profit improvements gained by adding an ESS to renewable energy generators
(DeCarolis and Keith 2006). ESS in such applications helps hedge against penalties incurred due to un-
predictability of renewables. Previous research shows that adding storage to renewable energy can indeed
improve the overall profitability of the renewable energy producers (Ghiassi et al. 2017), by using ESS not
only to hedge against the uncertainty of production, but also through price arbitrage (Ghiassi et al. 2017).
In another study, Sioshansi et al. (2009) examine the profitability of arbitrage in PJM (Pennsylvania New
Jersey Maryland) interconnection for six years. The objective of this research is to investigate the impact
of fuel mix, efficiency, fuel prices, storage capacity, and transmission constraints. The results show that in
some electric power systems the potential role of storage is growing due to the recent increases in price of
gas.
Some recent studies have explored the role of independent ESS in electricity markets. ESS can be used
for price arbitrage in real-time market to reduce the volatility of prices (Bradbury et al. 2014). Fares and
Webber (2014) proposed a flexible optimization modeling for economic operational management of a grid
battery system. This study shows that the net present value of ESS providing only energy arbitrage service
in ERCOT (Electric Reliability Council of Texas) wholesale market is negative. Given the unique power and
energy efficiency of batteries, their simultaneous participation in multiple stages might be more profitable.
Akhavan-Hejazi and Mohsenian-Rad (2014) investigate participation of an independent-operating battery
seek to offer energy and reserve in multiple stages of a US market (PJM day-ahead market and energy in
the hour-ahead market). To the best of our knowledge, none of the existing limited work on profitability of
batteries in multiple stages of the market, provide conclusive results on the best fit market stages, market
positions, and the best split of battery capacity in different stages. Our paper tends to close this gap by
acquiring a highly accurate price formation in two stages of the market.
Green IS
Sustainable energy transition has extensively made numerous technical, societal, and political factors inter-
acting with each other (Ketter et al. 2016b). One substantial component of a sustainable society, in which
IS can have a significant role, is to address the related challenges in the power system (Bichler et al. 2010).
Specifically, Green IS is focused on environmental sustainability by leveraging information (Watson et al.
2010). Indeed, one of the sub-fields within the field of Green IS is Energy Informatics which is concern-
ing the sustainability challenges in the whole energy system (Ketter et al. 2018; Watson et al. 2010). Thus,
electricity markets as the core element in energy supply system has drawn much attention among green IS
researchers (Bichler et al. 2010; Pousinho et al. 2012). In particular, with the increasing penetration of re-
newable energy sources in electricitymix, IS research has recently focused on the complications of designing
and operating sustainable smart electricity markets (Pousinho et al. 2012; Shafiee et al. 2017).
One of the recent IS innovations supporting research in the field of smart electricitymarkets are autonomous
electricity broker agents (EBAs) (Collins et al. 2009). These EBAs can interact with small electricity pro-
ducers or consumers and participate in the market for the aggregation (Ketter et al. 2016a). In order to
have an efficient bidding strategy, EBA has to deal with unpredictability of energy consumption, renewable
production, market prices and behaviour of other players. Competitive benchmark has been proposed for
evaluating strategies of such EBAs in future smart electricity markets (Ketter et al. 2016b).
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IS research also started to focus on the impact of energy storage as an important element in electricity mar-
kets. For example, Kahlen et al. (2014) explore the profitability of utilizing the excess capacity of electric
vehicles’ batteries in the market. In this regard, EBAs can turn a fleet of electric vehicles into a virtual power
plant in order to help balancing the grid and gain additional profit (Kahlen et al. 2014).
In our research, we are using information to align with the societal goal of sustainability. We do this by ana-
lyzing the value of the battery in different stages of the market to support the electricity mix integrating high
share of renewable energy sources. Our work can be classified as a ’design science’ research as illustrated in
Figure 1, where we are extending the ”Information system framework” (proposed by Hevner et al. (2004))
and mapping our elements to this framework, explaining how our artifact contributes to Green IS.
Figure 1. Mapping the elements of our work in a design science framework concept (adopted
fromHevner et al. (2004))
Approach
While electricity markets in all locations typically follow a similar pattern in their sequential structure (see
Figure 2), there are also some variations in the detail designs (Cramton 2017). In this paper, our focus is on
the common European market design and in particular, the case of Germany’s electricity markets.
Figure 2. Electricity wholesale markets with respect to time-to-delivery
Due to different reaction times of the energy suppliers in the electricity mix and the uncertainty of de-
mand/supply, electricity markets allow trading in multiple time stages before the time of operation (see
Figure 2). This includes forwardmarkets (year-ahead, month-ahead, week-ahead), spotmarket (day-ahead,
intra-day), and balancing market (aka, real-time market) (fewminutes ahead of the operation time). In this
study, we focus on battery participation in two stages of themarket: spot (day-ahead)market and real-time
(balancing) market, as these two are the most promising candidates for battery in terms of operation and
profitability.
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Day-ahead (DA) markets are merit-order auction-based markets. Bulk energy suppliers and consumers
submit their asks and bids to the auction-based day-ahead market for the following day, a few hours before
the start of the operating day. Based on the cleared prices and quantities of the market, the bids and asks
determine the energy commitment of suppliers as well as the prices that they will receive.
To account for mis-predictions of electricity supply-demand in earlier stages of the market and potential
unknown failures, there is a need for balancing markets close to the time of operation (Ocker et al. 2018).
Balancing market ensures the continuous reliable operation of the power system. In the German liberalized
power market, the transmission system operator (TSO) organizes the procurement of the balancing power
through public auctions. The procurement of balancing is provided through public auctions. In the bal-
ancing power market, pre-qualified suppliers can participate in three different market places with separate
auctions, the primary balancing power market (PBP), the secondary balancing power market (SBP), and the
tertiary balancing power market (TBP). These markets are distinguished by the reaction time of the balanc-
ing power being available to the grid: the PBP, SBP, and TBP, respectively, needs to be available 30 seconds,
5 minutes, and 15 minutes after a grid frequency imbalance causing event.
There are two types of balancing power: positive balancing power which needs to be activated when there
is shortage of supply, and negative balancing power activated in case of oversupply. Therefore, a power
plant that provides negative balancing power in case of call needs to decrease its load, while a power plant
providing positive balancing power typically increases its load. Among the three balancingmarkets, the SBP
is reportedly a good fit for battery storage devices; hence, in our study, we choose to focus on the this market
in combination with the DA market.
Problem Formulation
In this section, we formulate the overall profit of a battery agent, when participating in both the DA and the
SBP markets. The optimal market position, capacity split of the battery between the two markets, as well as
the optimal bidding strategies are considered as the decision variables.
Table 1. Notation
Notation Definition
t Index of day-ahead market’s time period
k Index of balancing market’s time period
B Capacity of the battery (MWh)
λt Day-ahead price after battery arbitrage at time t ($/MWh)
φUk , φ
D
k Up and down-regulation price at time k ($/MWh)
γUk , γ
D
k Capacity bid for up and down-regulation at time k ($/MW)
piU , piD Probability of the battery being called for up and down-regulation
ωU , ωD Conditional probability of being integrated in the market for regulation
µl, µu Minimum and Maximum charge level of battery (%)
αc, αd Maximum charging and discharging rate of battery
ηc, ηd Battery energy efficiency ratio (%)
Cd Battery degradation cost ($/MWh)
Edt Electricity sold to the day-ahead market at time t (MWh)
Ect Electricity purchased from the day-ahead market at time t (MWh)
EUt Electricity sold to the balancing market at time t (MWh)
EDt Electricity purchased from the balancing market at time t (MWh)
PUk Offered capacity to the balancing market for up-regulation (MW)
PDk Offered capacity to the balancing market for down-regulation (MW)
bt Battery state of charge at time t (MWh)
The objective of the battery agent is tomaximize its overall profit, which is the revenue obtained from energy
trading in the DA, power and energy trading in the SBP, subtracted by the depreciation costs incurred when
the battery is physically used according to either of the two DA and SBP markets. In each time period of the
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DA market t, the battery agent bids to get discharged (sell) with Edt energy units and charged (buy) by Ect
energy units (see Table 1 for a list of notation). The agent will receive (pay) the clearing price λt of the DA
for every unit of energy it sells (buys). In addition, charging (discharging) battery incurs depreciation cost
Cd per unit of energy, which affects the profit of battery agents.
Themarket structure in the SBP is more complicated than the DAmarket. Bidding in the German balancing
market consists of 3 components: the power offer, the power bid, and the energy bid. The power offer [MW]
represents the amount of balancing power offered, the power bid encompasses the offered price [EUR/MW]
for keeping the balancing power available, and finally, the energy bid [EUR/MWh] compensates the offered
price for actual delivery of balancing energy.
The up-regulation (down-regulation) power offer PUk (PDk ), which is the selling (buying) power with the
power price offer γUk (γDk ), is rewarded based on the pay-as-bid rule. If the power bid is accepted, suppliers
make profit with the energy bid (φUk , φDk ) as well. This is the case when the offered power is actually called
for stabilizing the grid frequency. The energy bids of suppliers with awarded power bids are arranged in
increasing order in the up-regulation SBPmarket and decreasing order in the down-regulation SBPmarket.
Thus, the lowest (highest) energy bid is cleared first in the up-regulation (down-regulation) market. Based
on our notation, the overall profit of the battery agent can be expressed as the following non-linear stochastic
optimization program:
Maximize Z =
T∑
t=1
λt
(
Edt − Ect
)− Cd(ηcEct + Edtηd
)
+
K∑
k=1
(
ωUk γ
U
k P
U
k + ω
D
k γ
D
k P
D
k
)
+
K∑
k=1
ωUk pi
U
k
(
φUk E
U
k − Cd
EUk
ηd
)
+ ωDk pi
D
k
(
φDk E
D
k − ηcCdEDk
)
(1)
The first term in the objective function, represents the profit made in the DA market, while the second and
third lines represent the profit of battery agent from bidding in the SBP market. In Eq. 1, ωUk and ωDk ,
represent the probability of winning in the auction for up and down-regulation, which are functions of the
offered capacity prices γUk , γDk . Finally, piUk and piDk , represent the probability of being called for up and
down-regulation, which are functions of the offered energy prices φUk , φDk .
The optimizationproblem inEq. 1 is restricted bymultiple constraints. Tobeginwith, due to charging/discharging
inefficiency of the battery, the state of charge of the battery is only incremented by ηc < 1 for every unit of
energy bought from themarket. Similarly, to sell one energy unit to the market, more energy ( 1
ηd
> 1) needs
to be extracted from the battery. With this notation, the battery state of charge (bt) can be, recursively,
expressed as
bt = bt−1 + ηc
(
Ect +
K∑
k=1
EDk
)
− E
d
t +
∑K
k=1E
U
k
ηd
(2)
We ensure that the charging and discharging power flows of the the battery are limited to its rated capacity
αc, αd. This means that−αdB ≤ Ect , Edt ≤ αcB. The physical constraints on the depth of discharge (µl) and
the maximum stored energy (µu) in the battery at any time slot t are also taken into account, by enforcing
µlB ≤ bt ≤ µuB. Further constraints such as preventing from simultaneously charging and discharging
as well as simultaneous up and down-regulation have been considered in the model. To solve Eq. (1), we
use the fitted probability distribution of the cleared power/energy bids, and accordingly obtain the optimal
quantiles of the energy and capacity price.
Results
To compare the profitability of battery in different market stages we solve Eq. (1) and obtain the best market
position accordingly. We assume that the battery unit can produce up to 50 MW power. The price values
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for the day-ahead energy and balancing markets are obtained from the system operators for the year 2018,
which are available through (www.epexspot.com) and (www.regelleistung.net). We undertake the price of
Li-ion batteries in 2019, which is 158 $/kWh (www.statista.com).
There are three possible scenarios: only day-ahead market participation, only balancing market participa-
tion, and simultaneous participation in the day-ahead and balancing market. Table 2 compares the prof-
itability of these scenarios. In the ‘Day-ahead market’ scenario, the battery agent acts as both buyer and
seller in themarket. This means that the battery agent buys energy in time slots with low prices and sells the
stored energy when it is profitable. In the ‘Balancing market’ scenario, it is more profitable for the battery
agent to bid for up-regulation. According to this table, the most profitable scenario is when battery partici-
pates in the twomarkets in parallel and therefore it can arbitrage between the twomarkets. In this scenario,
battery agent acts as the buyer of energy in the SBP market (i.e., he/she bids for down regulation) and sells
the stored energy in the day-ahead market.
Scenario Profit (EUR) Total Energy Traded (MWh)
Day-ahead market 2228 160.21
Balancing market 30791 1621.95
Day-ahead and balancing market 49038 1375.2
Table 2. Profit of battery in different scenarios
Figure 3. Profit of battery from day-ahead market and down regulation
Figure 3 shows the normalized profit of battery from participating in the DA market and SBP market (for
down-regulation) for different capacity devotion in SBP. It also details on the break-down of the profit made
through DA trading and SBP trading. Even though the share of SBP profit is limited compared to the down-
regulation, according to this figure, it is still beneficial to stay active in both markets. Indeed, while Figure 3
only focuses on financial tradings and benefit, our analysis shows that in terms of the amount of energy
traded in the optimal scenario (Figure 3), DA trading and SBP trading are comparable. As a second obser-
vation, Figure 3 shows that the more capacity is devoted to the down-regulation SBP, the higher the profit.
Given this observation and back-tracking the energy trading, we find that the optimal strategy is to partic-
ipate in the DA with full capacity as a seller and with full-capacity in the down-regulation SBP as a buyer.
We also find battery agent often act as an arbitrageur between the two markets in the optimal scenario.
Conclusion
Profitability of battery agents is pivotal to unleash the great potentials of batteries to provide the extensive
energy flexibility needed in power systems. Due to high costs of batteries and complicated operations of
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electricity markets there are still pessimistic views on whether or not batteries could be financially viable as
a major flexibility option. In this paper, we develop a novel approach for optimal operation of such storage
systems run by private investors. Our methodology proposes an optimal market participation and bidding
for batteries to offer in both day-ahead energy as well as balancing market when significant fluctuations in
electricity supply and market prices exist due to high penetration of intermittent renewable sources. Our
model was based on a stochastic optimization framework to calculate bidding components and best market
to participate. Our results showed that the optimal strategy is to participate in the DA with full capacity as
a seller and with full-capacity in the down-regulation SBP as a buyer.
FutureWork
To complete this study, apart from adding several other relevant results and gaining insights, we are con-
sidering other combination of market stages. In order to define the most promising scenario for the battery
owner in terms of profitability, in the next step of our study, we are modeling the operation of battery in the
primary control reserve market as well as the intraday market. Furthermore, we are working on extending
the results to account for the impact of batteries onmarket efficiency. To bemore precise, so far, we have in-
vestigated the role of batteries in the balancing and day-aheadmarkets only from the perspective of a battery
agent. As an essential complementary step, we aim at studying the impact of battery from the perspective of
the market owners and particularly on market efficiency. In order to improve the market efficiency, battery
storage capacity should be large enough compared to the market capacity to impact market prices. For such
large battery sizes, there is an inherent trade-off when batteries are used to improve market efficiency. On
the one hand, batteries reduce market prices and energy uncertainty, and price fluctuations; hence, helping
market efficiency. On the other hand, such a large battery capacity will have market power; hence, might
induce strategic behavior and loss of market efficiency. We aim to find out whether or not battery is indeed
helping market efficiency and under what conditions this holds true.
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